Abstract: Considering the ever increasing financial damages of floods and the need to manage the surface water, the use of new and more sufficient methods seems to be necessary. Therefore, the present study aims to investigate capability of the Gamma, Beta, Chi-square, and Weibull probability distribution functions (PDFs) for flood hydrograph derivation. The present study was conducted in the Bar watershed, Iran using 14 suitable rainfall-runoff events. After base-flow separation and direct runoff determination, the three hour unit hydrograph of the watershed was computed to determine the coefficients and parameters of the mentioned PDFs. Finally, Nash-Sutcliffe (NS), relative error (RE), and root mean square error (RMSE) indices were used for evaluation. According to the results, Gamma, Chi-square, and Weibull PDFs had satisfying results for predicting the peak flow with RE values of 11.87%, 25.34% and 37.67% respectively. In the case of time to peak, Gamma, Chi-square and beta PDFs showed acceptable results with RE values of 26.66%, 39.17%, and 34.17% respectively. Totally, considering the high importance of peak discharge and time to peak in flood control projects, Gamma PDF is recommended to be used in flood control projects.
Introduction
Flood hydrograph prediction is one of the most important steps in design and operation of hydrologic and hydraulic projects, especially in flood control projects. Many models and methods have been used in order to understand flood behaviour and predict its dimensions. Among the available methods for hydrologic design, the unit hydrograph (UH) is one of those most widely used. A UH is defined as the direct runoff hydrograph (DRH) resulting from 1 mm depth of effective rainfall hyetograph (ERH) falling uniformly over the drainage area at a constant rate for an effective duration (Chow et al., 1988) . Many conventional methods such as Clark, geomorphologic instantaneous unit hydrograph (GIUH), geomorpho-climatic instantaneous unit hydrograph (GCIUH), Snyder, soil conservation service (SCS), UH have been derived and used in order to predict UH (Snyder, 1956; SCS, 1957; Rodriguez-Iturbe and Valdes, 1979) . The mentioned methods are used in many researches and their capabilities have been investigated (Allam, 1990; Jena and Tiwari, 2006; Rientjes and Maathuis, 2006; Khaleghi et al., 2007; Sarangi et al., 2008; Golkarian et al., 2014; Kar et al., 2015) . In another research, Sadeghi et al (2015) investigated the changeability of simulated hydrograph from applying Clark's instantaneous unit hydrograph (IUH). Melesse and Graham (2004) proposed a storm runoff prediction model. In another study, Noor et al. (2014) used SWAT model for hydrology modelling.
On the other hand, due to similarity in shapes, several attempts have been made in the past to use probability distribution functions (PDFs) for UH and its derivation (Gray, 1961; Ciepieloswski, 1987) . The PDFs of the Gamma and Beta distributions to represent the UH shape, were used by Croley and Thomas (1980) and Haktanir and Sezen (1990) , respectively. Similarly, the three-parameter beta distribution provides all possible shapes depending on the magnitude of its parameters (Johnson and Kotz, 1970) , therefore, it was used by Haktanir and Sezen (1990) for synthetic unit hydrograph (SUH) derivation, and Bhunya et al. (2004) demonstrated its flexibility in UH prediction for Turkish and Indian catchments. Also, the capability of two other PDFs, i.e., Chi-square and Weibull were first investigated by Bhunya et al. (2011) . The performance of PDFs in flood hydrograph prediction and also parameter estimation methods have been investigated in some researches (Haktanir and Sezen, 1990; Bhunya et al., 2004 Bhunya et al., , 2011 Bhunya et al., , 2003 Bhunya et al., , 2005 Bhunya et al., , 2007 Agirre et al., 2005; Goni et al., 2013) . One advantage of the PDFs over conventional models is that they can determine the discharge in all second of the base time, while in Snyder only some points are determined. Despite the mentioned strong aspects of the PDFs, there are some weak points in some of them including their incapability to determine the exact value of time base Gamma, Chi-square and Weibull PDFs (Bhunya et al., 2007) .
Vatanfada (2011) reported that financial flood damages ranges from 3.5 million US$ to 43 million US$ for a period of 50 years which shows an intensive increase in financial damages. Considering the ever increasing financial damages of floods and the need to manage the surface water, the use of new and more sufficient methods seems to be vital and necessary. Therefore, the objective of current study was to evaluate the performance of four new PDFs including Gamma, Beta, Chi-square and Weibull for UH derivation. Also, the capability of each PDF in predicting different dimensions of the flood hydrograph were investigated and their strong and weak points were determined. The evaluation of the methods was investigated using three statistical indices of relative error (RE), root mean square error (RMSE), and Nash-Sutcliffe (NS). On the other hand, considering lack of data in many watersheds, another aim of this study is to produce UH for these watersheds.
Material and methods

Study area
The study was carried out in the Bar Watershed, Neyshabur, Iran with an area of 11,388 ha in the west of the Binalood Mountains. The watershed is located between 36º 27′ 38″ and 36º 36′ 32″N latitude and 25º 40′ 46″ to 58º 49′ 31″E longitude. Elevation ranges from 1,600 to 2,880 m above sea level in the study area and the average elevation of the watershed is 2,226 m above sea level. The average slope and the perimeter of the watershed are 11.9% and 54 km, respectively. The climate of the study area is semi-arid with mean annual temperature of 12ºC and mean annual precipitation of 330.4 mm (Jaafari et al. 2013 ). Also, it should be explained that only 0.34 km 2 of the study area is covered by impervious land uses that is less than 1% of the study area. The average discharge of the watershed at the outlet is calculated as 0.66 m 3 s -1
. The location of the Bar Watershed is shown in Figure 1 . 
Data preparation
In this study, data of two meteorological and one hydrometry stations were obtained and used. Considering that there is no meteorology station in the study area, data of Maroosk and Karkhane Ghand meteorological stations, located near the watershed, were used. Besides, the results of correlation between hyetographs and hydrographs showed that the Maroosk station had more correlation with the hydrometry station. So, the Maroosk's data was used as hyetograph. On the other hand, data of the Bar hydrometry station located at the outlet of the study area was used in order to exploit hydrographs. Existence of rainfall in two meteorological stations was considered in order to select suitable events for further analysis. Floods with plain peaks were removed in order to omit the effect of snowmelt runoff. Finally, considering the mentioned conditions, 14 events were selected for further analyses. In next step, direct line with upward slope of 7.7 % was used in order to separate the base flow runoff. After investigating of different methods of infiltration, SCS curve number (SCS-CN) was selected for effective rainfall determination in this study. SCS-CN method provides a more flexible site specific method to select suitable design values for effective rainfall estimation (Halwatura and Najim, 20113) .
Probability distribution functions 2.3.1 Two-parameter gamma distribution
In the fields of probability and statistics, a probability distribution allocates a probability to each measurable subset of the possible outcomes of a procedure, random experiment, survey, or of statistical inference. In probability theory and statistics, the gamma distribution is a two-parameter family of continuous probability distributions. Based on the concept of n-linear reservoirs of equal storage coefficient k, Nash (1959) and Dooge (1959) derived the IUH in terms of a Gamma function as
Here, n and k define the shape of IUH and q is the depth of runoff per unit time per unit effective rainfall expressed in units of h -1
. Bahremand and Mostafazade (2010) evaluated the capability of different methods such as trial and error, Haan graphical method, time to peak-time to conjunction, and Moment method for parameter estimation of Nash's IUH in Jafarabad watershed, Iran, and concluded that Moment method showed better results. Therefore, the Moment method was used in order to determine the n and k parameters. According to the Moment method, n and k could be calculated as below:
( 1) 2
where M Q1 , and M Q2 are the first and second moments of the runoff and M I1 , and M I2 are the first and second moments of the rainfall, respectively (Mostafazadeh and Bahremand, 2009 ).
Three-parameter beta distribution
The PDF of the three-parameter Beta distribution is given as (Mood et al., 1974) : 
Beta probability distribution has three parameters including r, p and b that r and p are shape dimensionless parameters and b is scale parameter in time unit. More specifically, b is base time of the rainfall-runoff event, p could be calculated using α and β values which they will be calculated using the hydrograph characteristics such as base time, and time to peak (Bhunya et al., 2007) . In this study, trial and error scheme with the aim of the lowest amount of peak discharge and time to peak was used in order to determine the parameters.
Chi-square distribution
This is a special case of the Gamma distribution and is used for sampling distributions (Montgomery and Foufoulageorgiou, 1993) , and the PDF is given as:
By calculating the peak discharge (q p ) and time to peak (t p ) and using equations (5) to (7) total shape of the unit hydrograph of the watershed can be obtained. m and τ are the coefficient of the Chi-square distribution which determine its shape.
Weibull distribution
The PDF of a two-parameter Weibull distribution is given as (Weibull, 1939) :
where λ > 0 is scale parameter and γ > 0 depicts shape parameter. In this function, when x tends to infinity, f(x) equals to 1. This shows the characteristic of the unit hydrograph (Bhunya et al., 2007) .
Evaluation of the PDFs
Three statistical indices of NS, RE, and RMSE were used to evaluate the capability of PDFs. By using the mentioned indices, the capability of PDFs in prediction of five components of hydrograph including peak discharge, time to peak, base time, flood volume, and the discharges of hydrograph were determined. Mentioned statistical indices are depicted below:
where I o and Q o is the observed data, I p and Q p depict the predicted data, and n shows the number of observed data.
Results and discussions
By using the SCS method, the characteristics of effective rainfall were determined and are reported in Table 1 . In Table 1 , characteristics of the events such as date, 5-day antecedent rainfall amount, antecedent moisture conditions (AMC), CN, duration of effective rainfall, and amount of effective rainfall are represented. Then, index unit hydrograph of the Bar watershed was calculated by averaging the major dimensions of the unit hydrograph including peak discharge, time to peak, and base time in order to determine the parameters of Beta, Chi-square and Weibull PDFs distributions. The amounts of the parameters of three mentioned PDFs are shown in Table 2 . On the other hand, based on the literature review, Gamma parameters were directly determined using four validation events shown in Table 3 (Fazel Modares et al., 2012) . Notes: G: Gamma; B: Beta; C-S: Chi-square; W: Weibull Das (2000) mentioned that RE of less than 40% is acceptable in hydrology, therefore this was considered in this study. As can be seen in Tables 4 to 6 , three PDFs of Gamma, Chi-square and Weibull had good performance in predicting the peak discharge. For instance, from Table 4 , RE values were calculated for Gamma, Chi-square, and Weibull as 11.87, 25.34, and 37.67 %, respectively. This result is consistent with Bhunya et al. (2007 Bhunya et al. ( , 2011 and Bahremand and Mostafazadeh (2010) . Beta PDFs had the weakest performance in peak discharge prediction. Also, Singh (1976) and Fazel Modares et al. (2012) concluded that Beta PDF has lower estimation in peak discharge prediction. This was confirmed by the results of this study.
As can be seen in Tables 4 to 6 , Gamma, Chi-square, and Beta PDFs had sufficient performance in time to peak prediction, while, Weibull PDF had weak performance. For instance, the RE of 75.83% was observed for time to peak in the Weibull PDF. The weaker results of Weibull can be resulted from the nature of this PDF and existence of positive or right skewness. The values of average RE in the peak discharge range from 11.87% to 42.92. On the other hand, average REs in the time to peak range from 26.67 to 75.83. These high variations could be due to different behaviour of the PDFs including skewness, variance, and average.
In the base time, Beta, Gamma, and Weibull PDFs had acceptable performance with RE of 16.19, 19.12, and 20 .53%, respectively, as shown in Table 5 . This result is consistent with Bhunya et al. (2007 Bhunya et al. ( , 2011 . On the other hand, Chi-square PDF had the worst performance with the RE of 40.31%. One of the weak points of Gamma, Chi-square and Weibull PDFs is their incapability to determine the exact value of time base (Bhunya et al., 2007) . Lopez et al. (2005) and Mostafazadeh and Bahremand (2009) concluded that precision of the Moments method does not need a high number of reservoirs and it is consistent with the results of this study. According to the results, values of n and k were calculated as 2.41 reservoirs and 1.21 h.
In the case of flood volume, Weibull PDF had the best performance, while Gamma, Chi-square, and Beta were in the second, third, and last ranks, as shown in Table 5 . The results of RMSE showed better performance of the Chi-square, Weibull, and Gamma PDFs, and weaker performance of the Betta PDF (Table 6 ). The results of the NS showed that Gamma and Chi-square had better performances than two other PDFs (Table 6 ). The results depicted that Chi-square and Weibull and Gamma PDFs had better performance than Betta PDF in whole discharges of hydrograph prediction, as shown in Table 6 .
Conclusions
The objective of this study was to evaluate the performance of four PDFs including Gamma, Beta, Chi-square, and Weibull in flood hydrograph derivation. The results showed that there was a significant difference among the capabilities of PDFs in prediction of different dimensions of the flood hydrograph. Gamma PDF had the best performance in prediction of peak discharge and time to peak, while Chi-square had the best performance in whole discharges of hydrograph prediction and Weibull had the best results in flood volume prediction. On the other hand, Beta had the best performance in base time prediction. So, further investigations are needed to clearly determine the capabilities of mentioned PDFs in different climatic and geomorphologic characteristics. But, considering the high importance of peak discharge and time to peak in flood control projects, Gamma PDF is recommended and can have better performance compared to other PDFs. The results of the current study can support and be used by water resource managers and flood control professionals. Finally, it can be suggested that combining PDFs and watersheds characteristics could increase the accuracy of the models and make them more general. In addition, using some new optimisation methods such as genetic algorithm could be helpful in enhancing the performance of the models.
